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Abstract: Exploiting a frequency-domain approach, we demonstrate the generation of high-
dimensional entangled quantum states with a Hilbert-space dimensionality larger than 100 from an 
on-chip nonlinear microcavity, and introduce a coherent control platform using standard 
telecommunications components.  
OCIS codes: (270.0270) Quantum Optics; (130.130) Integrated Optics. 
 
The realization of high-dimensional states (D-level quantum systems, i.e. quDits, with D > 2) and their control are 
essential towards solving questions in fundamental physics, and are at the heart of quantum information science [1]. 
Integrated photonics has recently become a leading platform for the compact, cost-efficient, and stable generation and 
processing of non-classical optical states [2], including the generation of entangled two-photon states making use of 
the polarization, spatial, or temporal degrees of freedom. However, with these current methods, ways of accessing and 
manipulating high-dimensional states without drastically increasing quantum circuit complexity have remained 
elusive (i.e. path-entanglement schemes require D coherently-excited identical sources and a complex concatenation 
of beam splitters [3], while time-bin entanglement requires complicated stabilized multi-arm interferometers [4]). 
Thus, to date, integrated entangled quantum sources have been limited to qubits (D = 2).  
Here, we demonstrate the on-chip generation of entangled quDit states, where the photons are created in a coherent 
superposition of multiple frequency modes using spontaneous four-wave mixing within an integrated microcavity 
[5,6], forming a frequency-bin entangled state. We confirm the realization of a quantum system with at least one 
hundred dimensions, formed by two entangled quDits with D = 10 [7]. Furthermore, using off-the-shelf 
telecommunications components, we introduce a coherent manipulation platform to control frequency-bin entangled 
states, capable of performing deterministic high-dimensional gate operations [7].  
The experimental setup is shown in Fig. 1. A mode-locked laser is spectrally filtered and used to excite an integrated 
microring resonator. Photon pairs are generated, covering multiple resonances due to the broad phase-matching 
condition. For the coherent manipulation, we exploit two programmable spectral phase filters in combination with 
electro-optical phase modulation. The first programmable filter is used to impose an arbitrary phase and amplitude 
mask on the frequency components of the quantum state. The phase modulation is then used to deterministically shift 
and mix different frequency components. The second programmable filter is finally used to select different frequency 
components after the mixing, and route them to single photon detectors for coincidence detection. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1:  Experimental setup for the generation and coherent control of high-dimensional frequency-bin entangled quantum states [7].  
This coherent control scheme can be used to implement arbitrary phase gates, as well as to perform deterministic high-
dimensional projection measurements. We validate this platform by measuring violations of a high-dimensional Bell 
inequality and performing quantum state tomography, see Fig. 2 for the particular example of D = 4. In particular, we 
characterize the quantum interference for D = 2, 3, and 4, where we measure raw visibilities of 83.7%, 86.6%, and 
86.4% (without background subtraction), all violating their respective high-dimensional Bell inequalities [8]. We then 
performed quantum state tomography to experimentally extract the state density matrices also for D = 2, 3, and 4, 
confirming that the experimental quantum states are very close to the ideal maximally entangled states with measured 
fidelities of 88.5%, 80.9%, and 76.6% for D = 2, 3, and 4, respectively. 
 
 
Fig. 2:  For a high-dimensional frequency-bin entangled state with D=4 we measured a) two-photon quantum interference with a visibility of 
V4=86.4% violating the high-dimensional Bell inequality, and we reconstructed b) its density matrix via a tomography measurement 
with a measured fidelity of 76.6% [7].  
Finally, we perform measurements to determine the dimensionality and purity of the high-dimensional entangled state. 
First, we measure the frequency distribution of the quantum state and extract its joint spectral intensity. This is then 
used to determine the lower bound for the state dimensionality by means of a Schmidt mode decomposition  [9]. We 
confirm that for ten selected spectral mode pairs, the quantum state has a minimum Schmidt number of 9.4. We then 
measure the second-order coherence function using a Hanbury Brown and Twiss setup, and confirm that the photons 
are generated in a superposition of highly pure frequency modes. The second-order coherence measurement is then 
used to measure the effective dimensionality of the state [10], which was determined to be 10.45 ± 0.53 for ten selected 
frequency mode pairs. Since the minimum and effective dimensionality agree well with each other, we conclude that 
the quantum state has a Schmidt number of 10 and Hilbert space dimensionality of 100, which is formed by two 
entangled quDits with D = 10. 
Our results represent the first realization of high-dimensional entangled quDit states on a photonic chip. Furthermore, 
the quantum states are generated and manipulated within a single spatial mode and can be transmitted over long 
propagation distances, underlining their usability for high-dimensional quantum key distribution applications. Our 
results indicate that microcavity-based high-dimensional frequency-bin entangled states and their spectral-domain 
manipulation can open up new venues for reaching the processing capabilities required for meaningful quantum 
information science in a powerful and practical platform. 
References: 
[1] E. Knill, R. Laflamme, and G. J. A. Milburn, “A scheme for efficient quantum computation with linear optics,” Nature 409, 46–52 (2001). 
 
[2] S. Tanzilli et al. “On the genesis and evolution of integrated quantum optics,” Laser Photonics Rev. 6, 115–143 (2012). 
 
[3] C. Schaeff et al. “Scalable fiber integrated source for higher-dimensional path-entangled photonic quNits,” Opt. Express 20, 16145 (2012). 
 
[4] R. Thew et al. “Experimental realization of entangled qutrits for quantum communication,” Quantum Inf. Comput. 4, 93 (2004). 
    . 
[5] C. Reimer et al., “Cross-polarized photon-pair generation and bi-chromatically pumped optical parametric oscillation on a chip, ” Nature 
Commun. 6, 8236 (2015). 
 
[6] C. Reimer et al. “Generation of multiphoton entangled quantum states by means of integrated frequency combs,” Science 351, 1176 (2016). 
 
[7] M. Kues et al., Nature (2017), in press. 
 
[8] D. Collins et al., “Bell inequalities for arbitrarily high-dimensional systems,” Phys. Rev. Lett. 88, 40404 (2002). 
 
[9] C. K. Law, I. Walmsley,  and J. H. Eberly, “Continuous frequency entanglement: effective finite Hilbert space and entropy control,” Phys. 
Rev. Lett. 84, 5304 (2000). 
 
[10] A. Christ et al., “Probing multimode squeezing with correlation functions,” New J. Phys. 13, 33027 (2011). 
QuDit two-photon interference 
D=4
Tomographic reconstructed density matrix
D=4
V4=86.4%
?11?
?22?
?44? ?11?
???? ?33??33?
?44?
Re(ρ) Im(ρ)
?11?
?22?
?44??11??22?
?33??33?
?44?
-0.2
0
0.2
No
rm
ali
ze
d 
co
un
ts
Phase (π)
0 0.5 1.5 21
0
0.5
1
a) b)
